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To the special case of Bhabha scattering we extend the ‘‘Z-peak subtracted’’ representation previously

applied toe1e2→ f f̄ ( f Þe). This allows us to analyze the process at any energy, while imposing in an
automatic way the constraints set by high-precision measurements at theZ peak. The procedure turns out to be
particularly convenient in a search for a certain class of new physics effects at variable energy. A few examples
are considered, and the information thus obtained is combined with the corresponding information that can be
derived from the othere1e2 annihilation processes, both at present~CERN LEP2! and at future colliders. This
shows that the role of Bhabha scattering in this respect can be quite relevant.

PACS number~s!: 12.15.2y, 12.60.2i, 13.10.1q
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I. INTRODUCTION

A convenient way of searching for virtual new physi
effects in e1e2 annihilation processes was recently pr
posed; it consists of the use of the so-called ‘‘Z-peak sub-
tracted representation’’ that allows one to take into acco
automatically the severe constraints imposed by the h
precision measurements performed at theZ peak by the
CERN e1e2 collider LEP1 and SLAC Linear Collider@1#.
This is achieved by choosing as ‘‘theoretical input’’ the me
sured values of the partialZ widths G f and of the effective
weak angle sin2ueff together with a(0). For each e1e2

→ f f̄ ( f Þe) annihilation process, all the one-loop standa
model ~SM! or new physics~NP! effects are described b
four functions of the energy (Aq2) and of the scattering
angleu which are subtracted atq25MZ

2 or atq250 in order
to take the inputs into account. We defer to Ref.@2# for
further details.

This procedure is especially suitable for the search of
effects which grow with the energy. Various applicatio
were made for supersymmetry, technicolor, anomal
gauge couplings, higherZ8 bosons, four-fermion contac
terms and extra dimensions@2–6#. The description was
shown@6# to be particularly useful when the NP is chara
terized by an effective scaleL which is much higher than the
actual energy range ofAq2. In the particular case ofuniver-
sal u-independent effects, all the information on NP can
then conveyed into three constants calleddZ,s,g , that can be
viewed as the generalization, beyond theZ peak, of theT, S
@7#, or e1,3 @8# descriptions.

This representation was not yet applied to Bhabha sca
ing because of the complication generated by the presenc
t-channel photon andZ exchanges. The purpose of th
present paper is to fill this lack. In Sec. II the wholeZ-peak
subtracted formalism can be extended to Bhabha scatte
in a very natural way. This will allow one to use this proce
together with the othere1e2→ f f̄ processes, in order to im
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prove the constraints on possible NP contributions, as ill
trated in Sec. III. In Sec. IV, we shall show in numeric
applications that the gain thus obtained can be substanti

II. Z-PEAK SUBTRACTED REPRESENTATION

We shall first summarize the results of theZ-peak sub-
tracted representation, described in previous papers@2#, by

writing the generale1e2→ f f̄ ( f Þe) scattering amplitude a
one loop as the sum of an effective photon and an effectivZ
amplitude with couplingsgV j

g (q2,u), gV j
Z (q2,u), gA j

Z (q2,u),
where the indexj denotes either the initial electron (j 5e) or
the final fermion (j 5 f Þe):

A~q2,u!5
i

q2v̄~e1!gmgVe
(g)~q2,u!u~e2!

•ū~ f !gmgV f
(g)~q2,u!v~ f̄ !

1
i

q22MZ
21 iM ZGZ

v̄~e1!gm@gVe
(Z)~q2,u!

2gAe
(Z)~q2,u!g5#u~e2!•ū~ f !gm@gV f

(Z)~q2,u!

2gA f
(Z)~q2,u!g5#v~ f̄ !. ~2.1!

The aforementioned inputs are taken into account by
posing that the total amplitude takes the required value
q250 and atq25MZ

2 . Following the method of Ref.@2#, this
amounts to using a subtraction procedure which allows
to write
©2000 The American Physical Society03-1
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gVe
g ~q2,u!5A4pa~0!QeF11

1

2
D̃a,e f~q2,u!G ,

gV f
g ~q2,u!5A4pa~0!QfF11

1

2
D̃a,e f~q2,u!G ,

gAe
g ~q2,u!5gA f

g ~q2,u!50,

gVe
Z 5ge

1/2I 3eṽeF12
1

2
Re f~q2,u!

2
4s̃ec̃e

ṽe

uQf uVe f
gZ~q2,u!G ,

gV f
Z ~q2,u!5g f

1/2I 3 f ṽ fF12
1

2
Re f~q2,u!

2
4s̃ec̃e

ṽ f

uQf uVe f
Zg~q2,u!G ,

gAe
Z ~q2,u!5ge

1/2I 3eF12
1

2
Re f~q2,u!G ,

gA f
Z ~q2,u!5g f

1/2I 3 fF12
1

2
Re f~q2,u!G , ~2.2!

with the Z-peak inputs

g j
1/25F 48pG j

NjMZ~11 ṽ j
2!

G1/2

~2.3!

and

ṽ j5124uQj us̃j
2 , ~2.4!

where s̃ j
2512 c̃ j

2 is the weak effective angle measure
through the forward-backward or polarization asymmetr
in the final channelj, s̃e[ s̃m[ s̃t andNj is the color factor
with QCD corrections at theZ peak.

The quantitiesD̃a,e f(q
2,u), Re f(q

2,u), Ve f
gZ(q2,u), and

Ve f
Zg(q2,u) contain all theq2- and u-dependent parts of th

scattering amplitude due to the SM or NP at one-loop. In
approach, they consist of certain finite combinations of s
energies, vertices, and boxes that areautomaticallygauge
independent.

For an additional four-fermion amplitude,

v̄~e1!gm@a~q2,u!2b~q2,u!g5#u~e2!•ū~ f !gm@c~q2,u!

2d~q2,u!g5#v~ f !, ~2.5!

wherea, b, c, andd areO(a) quantities, one easily obtain
the corresponding projections on the photon andZ Lorentz
structures:
05300
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D̃a,e f~q2,u!

5q2
@a~q2,u!2b~q2,u!ṽe#@c~q2,u!2d~q2,u!ṽ f #

e2QeQf
,

Re f~q2,u!

52~q22MZ
2!

4s̃e
2c̃e

2b~q2,u!d~q2,u!

e2I 3eI 3 f

,

~2.6!

Ve f
gZ~q2,u!

52~q22MZ
2!

@a~q2,u!2b~q2,u!ṽe#2s̃ec̃ed~q2,u!

e2QeI 3 f

,

Ve f
Zg~q2,u!

52~q22MZ
2!

@c~q2,u!2d~q2,u!ṽ f #2s̃ec̃eb~q2,u!

e2QfI 3e

.

In Ref. @2# and in the Appendix of Ref.@9# we gave an
expression of the general polarizede1e2→ f f̄ differential
cross section in terms of these four functions. From this o
obtains, for example, the integrated cross sectionss f and the
asymmetriesAFB, f andALR, f .

To generalize our approach to the casef 5e, Bhabha scat-
tering, it is convenient to write the scattering amplitude
one loop as the sum of two (s-channel andt-channel! com-
ponents:

Aee5As~q2,u!1At~q2,u!. ~2.7!

The procedure that we have illustrated in thee1e2→ f̄ f
( f Þe) case applies directly to thes-channel part of the
Bhabha amplitude. In this case we can drop the indexe f, as
e[ f , and we haveVgZ(q2,u)[VZg(q2,u)[V(q2,u), so
that we only deal with three independent functio
D̃a(q2,u), R(q2,u), andV(q2,u).

It is now straightforward to check that the same proced
can be applied step by step to thet-channel component. In
full generality the latter can be written as

At~q2,u!5
i

t
v̄~e1!gmḡVe

(g)~q2,u!v~e1!

•ū~e2!gmḡV f
(g)~q2,u!u~e2!1

i

t2MZ
2

3 v̄~e1!gm@ ḡVe
(Z)~q2,u!2ḡAe

(Z)~q2,u!g5#

3v~e1!ū~e2!gm@ ḡV f
(Z)~q2,u!

2ḡA f
(Z)~q2,u!g5#u~e2!, ~2.8!

with the t-channel effective couplings
3-2
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ḡVe
g ~q2,u!5A4pa~0!QeF11

1

2
DS a~q2,u!G ,

ḡVe
Z ~q2,u!5ge

1/2I 3eṽeF12
1

2
R̄~q2,u!2

4s̃ec̃e

ṽe

uQf uV̄~q2,u!G ,

~2.9!

ḡAe
Z ~q2,u!5ge

1/2I 3eF12
1

2
R̄~q2,u!G ,

where the new functionsDS a(q2,u), R̄(q2,u), and V̄(q2,u)
are obtained from the previouss-channel functions~without
bar! by (q2↔t) crossing relations,

DS a~q2,u!5@D̃a~q2,u!#S q2→t52
q2

2
~12cosu!;

cosu→11
2q2

t D , ~2.10!

and analogously forR̄ and V̄.
The general expression of the polarized Bhabha differ

tial cross section obtained from the sum of thes-channel@Eq.
~2.1!# and t-channel@Eq. ~2.8!# amplitudes is given in the
Appendix, in the form

ds

d cosu
5~12PP8!

ds1

d cosu
1~11PP8!

ds2

d cosu

1~P82P!
dsP

d cosu
, ~2.11!

whereP andP8 are the initiale2 ande1 polarizations.
We shall write the three differential cross sections as

sum of a Born term and a one-loop contribution,ds i

5(ds i)Born1(ds i)(1).
The Born term is given by

S ds1

d cosu D Born

5
pa2

q2 H t21u2

q4 1
u2

t2 1
2u2

tq2 12S 3Ge

aMZ
D

3F @u22t21 ṽe
2~u21t2!#~q22MZ

2!

~11 ṽe
2!q2@~q22MZ

2!21MZ
2GZ

2#

1
u2

q2~ t2MZ
2!

1
u2~q22MZ

2!

t@~q22MZ
2!21MZ

2GZ
2#

1
u2

t~ t2MZ
2!G1S 3Ge

aMZ
D 2
05300
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3F ~ t21u2!~11 ṽe
2!214ṽe

2~u22t2!

~11 ṽe
2!2@~q22MZ

2!21MZ
2GZ

2#

1
u2@~11 ṽe

2!214ṽe
2#

~11 ṽe
2!2~ t2MZ

2!

3S 2~q22MZ
2!

@~q22MZ
2!21MZ

2GZ
2#

1
1

~ t2MZ
2!

D G J ,

~2.12!

S ds2

d cosu D Born

5pa2q2H 1

t2 12S 3Ge

aMZ
D ~ ṽe

221!

~11 ṽe
2!t~ t2MZ

2!

1S 3Ge

aMZ
D 2 ~12 ṽe

2!2

~11 ṽe
2!2~ t2MZ

2!2J , ~2.13!

S dsP

dcosu D Born

5
4pa2u2

q2 F ṽe

~11 ṽe
2!

G H S 3Ge

aMZ
D S 1

q2 1
1

t D
3F ~q22MZ

2!

@~q22MZ
2!21MZ

2GZ
2#

1
1

~ t2MZ
2!G

1S 3Ge

aMZ
D 2F 1

@~q22MZ
2!21MZ

2GZ
2#

3 S 11
2~q22MZ

2!

~ t2MZ
2!

D 1
1

~ t2MZ
2!2G J ,

~2.14!

and the one loop contributions of the three functions can
written in a condensed way:

S ds1

dcosu D (1)

5
pa2

q2 $~ t21u2!G1~q2,q2!

1~u22t2!G2~q2,q2!1u2@G1~ t,t !1G2~ t,t !

12G1~q2,t !12G2~q2,t !#% , ~2.15!

S ds2

dcosu D (1)

5pa2q2@G1~ t,t !2G2~ t,t !#, ~2.16!

S dsP

dcosu D (1)

5
4pa2u2

q2 @G3~q2,q2!1G3~q2,t !

1G3~ t,q2!1G3~ t,t !#, ~2.17!

with
3-3
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G1~x,y!5
D̃a~x!1D̃a~y!

xy
1S 3Ge

aMZ
D ṽe

2

~11 ṽe
2!
F D̃a~x!2R~y!2

8s̃ec̃e

ṽe

V~y!

x~y2MZ
2!

1

D̃a~y!2R~x!2
8s̃ec̃e

ṽe

V~x!

y~x2MZ
2!

G2S 3Ge

aMZ
D 2

3F R~x!1R~y!1
8s̃ec̃eṽe

~11 ṽe
2!

@V~x!1V~y!#

~x2MZ
2!~y2MZ

2!
G , ~2.18!

G2~x,y!5S 3Ge

aMZ
D 1

~11 ṽe
2!

F D̃a~x!2R~y!

x~y2MZ
2!

1
D̃a~y!2R~x!

y~x2MZ
2!

G2S 3Ge

aMZ
D 2 4ṽe

2

~11 ṽe
2!2

3 F R~x!1R~y!1
4s̃ec̃e

ṽe

@V~x!1V~y!#

~x2MZ
2!~y2MZ

2!
G , ~2.19!

G3~x,y!5
ṽe

~11 ṽe
2!
H S 3Ge

aMZ
D D̃a~x!2R~y!2

4s̃ec̃e

ṽe

V~y!

x~y2MZ
2!

2S 3Ge

aMZ
D 2F R~x!1R~y!1

4s̃ec̃e

ṽe

V~x!1
8s̃ec̃eṽe

~11 ṽe
2!

V~y!

~x2MZ
2!~y2MZ

2!
G J ,

~2.20!
on
a

s,

cial
e
ith

f

li-

s of
ame
-
ti-

,

where we use a condensed notation~for x andy correspond-
ing to q2 or t) D̃a(q2), meaning D̃a(q2,u), and D̃a(t),

meaningD̃a (̄q2,u); we use a similar notation forR andV.
From the three previous quantitiesds1,2,P, we can com-

pute, for instance, the unpolarized angular distribution

ds

d cosu
[

ds1

d cosu
1

ds2

d cosu
, ~2.21!

the left-right polarization asymmetry

ALR~q2,u!5F dsP

d cosuG Y F ds

d cosuG , ~2.22!

and the new (LL1RR)/(LR1RL1LL1RR) polarization
asymmetry which arises from the typicalt-channel scattering
amplitude:

Auu~q2,u!5F ds2

d cosuG Y F ds

d cosuG . ~2.23!

III. APPLICATIONS TO SEVERAL NP MODELS

A. Universal NP with a high scale

The previous representation@Eqs. ~2.15!–~2.20!# contin-
ues to be valid in the presence of~NP! that does not add
extra Lorentz structures to those of the SM. In this case,
simply decomposes the three general one-loop functions
05300
e
s

D̃a,R,V5~D̃a,R,V!SM1~D̃a,R,V!NP, ~3.1!

and computes the~NP! effects on the various observable
once their contribution to (D̃a,R,V) is specified.

For a model of new physics that does not satisfy spe
simplicity requests, the calculation of virtual effects in th
Bhabha scattering is affected by a proliferation of terms w
respect to the annihilation processe1e2→ f f̄ , ( f Þe), as one
sees immediately from inspection of Eqs.~2.15!–~2.20!. In
fact, after u integration, one will find in general a set o
different functions ofq2 that correspond to each power ofu
in the integrand. Each set arises from thesix original func-
tions D̃a , DS a , R, R̄, V, and V̄, which means to double
the corresponding number of the casef Þe. Although this
can be a purely computational problem, it obviously comp
cates the practical treatment for this process.

The situation shows a drastic change for those model
new physics that satisfy the requests of being, at the s
time, universal, independent of thes and t channels scatter
ing angle~e.g., only contributing self-energies and/or ver
ces!, and endowed with an intrinsic scaleL ‘‘sufficiently’’
larger thanAq2. In fact, in theZ-peak subtracted approach
one has, by construction,

D̃a~0,u!5DS a~0,u!5R~MZ
2 ,u!5R̄~MZ

2 ,u!5V~MZ
2 ,u!

5V̄~MZ
2 ,u!50. ~3.2!

For universal new physics~UNP! effects of the previously
considered type, one can then write the parametrization
3-4
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RUNP~z!5
~z2MZ

2!

MZ
2 @dZ#, ~3.3!

VUNP~z!5
~z2MZ

2!

MZ
2 @ds#, ~3.4!

D̃a
UNP~z!5

z

MZ
2 @dg#, ~3.5!

wherez5q2,t.
The quantitiesdZ,s,g will be in general unknown functions

of z. For L2@z we can reasonably assume that the th
functions are smooth. This means that they could be w
approximated by the coefficient of thelowestpower in aq2

expansion that isd i(0) wheneverd i(0)Þ0 ~this will be the
case in the two considered examples!. In this case, thesame
three parameters will describe the NP effects both on ths-
and t-channel observables. These parameters are also
same that appear, for the chosen models, in all the remai

proccessese1e2→ f f̄ ( f Þe). This fact allows one to com
bine the theoretical analysis of the two types of proces
without an increase of parameters, thus improving the accu
racy of the conclusions that are reached.

The NP expression of the functionsGi(x,y) in this case
acquires the simple form

G1
UNP~x,y!5

1

MZ
2 H dgF1

x
1

1

yG1S 3Ge

aMZ
D S ṽe

2

11 ṽe
2D

3FdgS 1

x2MZ
2 1

1

y2MZ
2D 2S dZ1

8s̃ec̃e

ṽe

dsD
3S 1

x
1

1

yD G2S 3Ge

aMZ
D 2F dZ1S 8s̃ec̃eṽe

11 ṽe
2 D dsG

3F 1

x2MZ
2 1

1

y2MZ
2G J , ~3.6!

G2
UNP~x,y!5

1

MZ
2 H S 3Ge

aMZ
D S 1

11 ṽe
2D FdgS 1

x2MZ
2 1

1

y2MZ
2D

2dZS 1

x
1

1

yD G2S 3Ge

aMZ
D 2 4ṽe

2

~11 ṽe
2!2

3 S dZ1
4s̃ec̃e

ṽe

dsD S 1

x2MZ
2 1

1

y2MZ
2D J ,

~3.7!
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G3
UNP~x,y!5

1

MZ
2

ṽe

11 ṽe
2
H S 3Ge

aMZ
D F dg

y2MZ
2

2

dZ1
4s̃ec̃e

ṽe

ds

x
G2S 3Ge

aMZ
D 2

3F dZ1
4s̃ec̃e

ṽe

ds

y2MZ
2

1

dZ1
8s̃ec̃eṽe

~11 ṽe
2!

ds

x2MZ
2

G J ,

~3.8!

The three constantsdZ , ds , anddg depend on the chose
model, and can be easily determined in each separate
To show how this procedure works in practice, we shall p
vide the expressions of thed i in a couple of specific case
that meet our simplicity requests. With this aim, we ha
considered the following models.

~1! Anomalous gauge couplings (AGC’s).We used the
framework of Ref.@10#, in which the effective Lagrangian is
constructed with dimension six operators respect
SU(2)3U(1) andCP invariance. As shown in Ref.@4#, only
two parameters (f DW and f DB) survive in theZ-peak sub-
tracted approach. The explicit expressions of the UNP c
tribution to dZ , ds , anddg are

dZ58paS MZ
2

L2 D S c̃e
2

s̃e
2

f DW1
s̃e

2

c̃e
2

f DBD ,

ds58paS MZ
2

L2 D S c̃e

s̃e

f DW2
s̃e

c̃e

f DBD ,

dg528paS MZ
2

L2 D ~ f DW1 f DB!. ~3.9!

They satisfy the linear constraint

dZ2
122s̃e

2

s̃ec̃e

ds1dg50. ~3.10!

~2! Technicolor~TC!. The second considered model w
one of technicolor type, with two families of strongl
coupled resonances (V andA) @5#. The typical UNP param-
eters are the two ratiosFA /MA andFV /MV , whereFA,V and
MA,V are the couplings and the masses~that in this case play
the role of the new physics scaleLTC@q2) of the lightest
axial and vector resonances. The contributions todZ , ds ,
anddg are
3-5
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dZ5
pa

s̃e
2c̃e

2 F ~122s̃ e
2!2

MZ
2

MV
4 FV

21
MZ

2

MA
4 FA

2 G ,
ds5

2pa

s̃ec̃e

~122s̃ e
2!

MZ
2

MV
4 FV

2 ,

dg524paS MZ
2

MV
4 DFV

2 . ~3.11!

Again, we have a linear constraint in the (dZ ,ds ,dg) space,

ds52S 122s̃ e
2

2s̃ec̃e
D dg , ~3.12!

and the conditions

dZ,s.0, dg,0 ~3.13!

B. Nonuniversal examples

Strictly speaking, our procedure has been motivated
the possibility of investigating models of a special univer
type, for which the number of parameters to be determi
can be suitably reduced. But there exist interesting mode
NP that, although not of universal type, can be neverthe
described by a very restricted number of parameters. In th
special simple cases ourZ-peak subtracted procedure can
applied, without invoking any smoothness assumption, us
the more general expressions of Eqs.~2.15!–~2.20!. In what
follows, we have considered two cases that seem to us
ticularly relevant. These are:

~3! Contact terms.With the idea of compositeness~but it
applies to any virtual NP effect with a high intrinsic sca
for example higher vector boson exchanges, satisfy
chirality conservation!, the interaction

L5ki f

4p

L2 $hLL~C̄L
i gmCL

i !~C̄L
f gmCL

f !1hRR~C̄R
i gmCR

i !

3~C̄R
f gmCR

f !1hRL~C̄R
i gmCR

i !~C̄L
f gmCL

f !

1hLR~C̄L
i gmCL

i !~C̄R
f gmCR

f !% ~3.14!

was first introduced in Ref.@11# for any four-fermion inter-
action (i ī → f f̄ ); ki f 5

1
2 for i[ f , ki f 51 otherwise,CL

5(12g5)/2C, CR5(11g5)/2C, andhab are phase factors
defining the chirality structure of the interaction. Various a
plications have been made for pure chiral cases (i j )5LL or
RRor LR or RL ~keeping only oneh i j 561), as well as for
mixed cases likeVV (hLL5hRR5hRL5hLR561), AA
(hLL5hRR52hRL52hLR561), VA (hLL52hRR5hRL
52hLR561), and AV (hLL52hRR52hRL5hLR
561); see Ref.@12# for a general discussion.

In the Z-peak subtracted representation, the effect of t
interaction on thee1e2→ f f̄ ( f Þe) observables is obtaine
through the following expressions:
05300
y
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ss
se
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ar-

,
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-

is

D̃a,e f~q2,u!5S pq2

e2QeQfL
2D @hLL~12ve!~12v f !

1hRR~11ve!~11v f !1hRL~11ve!~12v f !

1hLR~12ve!~11v f !#,

Re f~q2,u!52S 4s̃e
2c̃e

2p~q22MZ
2!

e2I 3eI 3 fL
2 D

3@hLL1hRR2hRL2hLR#,
~3.15!

Ve f
gZ~q2,u!52S 2s̃ec̃ep~q22MZ

2!

e2QeI 3 fL
2 D @hLL~12ve!

2hRR~11ve!1hRL~11ve!

2hLR~12ve!#,

Ve f
Zg~q2,u!52S 2s̃ec̃ep~q22MZ

2!

e2QfI 3eL
2 D @hLL~12v f !

2hRR~11v f !2hRL~12v f !

1hLR~11v f !#.

For each choice of chirality structure, likeLL, RR, LR, RL,
VV, AA, VA, andAV, the effects on the differential cros
section for two fermion production can be described by
single parameterL.

In the case of Bhabha scattering, the constrainthRL
5hLR applies, so that the above expression can be put in
forms of Eqs.~3.3!–~3.5!, with

dZ52S 16s̃ e
2c̃ e

2pMZ
2

e2L2 D @hLL1hRR22hLR#

ds52S 4s̃ec̃epMZ
2

e2L2 D @hLL~12ve!2hRR~11ve!12vehLR#,

~3.16!

dg5S pMZ
2

e2L2D @hLL~12ve!
21hRR~11ve!

212hLR~12ve
2!#.

~4! Extra dimensions.Recently, intense activity has deve
oped concerning the possible low-energy effects of gravi
exchange. The following matrix element for the four-fermio
processe1e2→ f̄ f @13# is predicted:

l

L4 @ ēgme f̄gm f ~p22p1!•~p42p3!

2ēgme f̄gn f ~p22p1!n~p42p3!m# ~3.17!

For this model, in the case of Bhabha scattering, one fi
the following contributions todg,Z,s that, as one sees, ar
now genuineq2,u functions:
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TABLE I. LEP2. 95% C.L. bounds onds,Z,g , resulting from a global fit of combined LEP2 data. In th
first column, the observables included in the fit aresm,t , AFB,m,t , s5 and measured at 183 and 189 GeV.
the second column, we add the Bhabha unpolarized differential cross section~ in nine intervals of the cosine
of the scattering angle! at 189 GeV. The last two columns show the improvement of the bounds when
the forward~backward! Bhabha scattering measurements are included.

Without Bhabha With all Bhabha Forward Backward

dZ 20.00160.031 0.006460.028 0.00660.03 0.001160.029
ds 20.00460.032 20.008760.031 20.008460.032 20.005760.031
dg 20.002260.0083 0.0001960.0074 0.0001460.0075 20.001960.0081
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dg5S lq2MZ
2

L4 D ~ ṽe
222 cosu!

e2
,

dZ52S lq2MZ
2

L4 D S 16s̃ e
2c̃ e

2

e2 D , ~3.18!

ds5S lq2MZ
2

L4 D S 4s̃ec̃eṽe

e2 D .

Illustrations will be given in Sec. IV with the normalizatio
l561. Note that theq2 factor is purely kinematical, and
consequence of the higher dimension of the interaction
grangian. Note also the presence of a term proportiona
q2 cosu in thes-channel photon coefficientdg , which gives
a contribution proportional tot12q2 in the t channel, ac-
cording to Eq.~2.10!. This contribution will turn out to have
the largest effect through the interference with the stand
photon exchange amplitude.

Our theoretical description of new physics effects is
this point concluded. Section IV will be devoted to a detail
numerical analysis of the information that can be derived
the involved parameters by the present~LEP2! and future,
using both Bhabha scattering and all the remaininge1e2

→ f f̄ processes.

IV. NUMERICAL RESULTS

A. LEP2 „present and future…

As a first application of our approach, we have used so
of the LEP2 results on fermion pair production in order
constrain the set of constantsdZ,s,g which fully describes the
effects of general universal new physics. In particular, in
same spirit of a previous study@6#, we have considered th
following ‘‘non-Bhabha’’ observables:sm,t ~the cross sec-
tion for m and t pair production!, AFB,m,t ~the related
forward-backward asymmetries!, and s5 ~the cross section
for production of quark pairs, for the five light flavors acce
sible at LEP energies!. In addition to these observables w
have included the unpolarized differential Bhabha cross s
tion, measured in intervals of the cosine of the polar angle
the scattered electron. For the muon and tau cross sec
and asymmetries and for the hadronic cross section, com
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nations of preliminary results of the four LEP experimen
with the data collected at center of mass energies of 183
189 GeV have been used@14#. Although based on prelimi-
nary results, the combined measurements allow one to
advantage of the whole data sample produced at LEP2,
therefore to benefit from the reduced statistical error a
from the proper treatment of the various sources of exp
mental systematic uncertainty. A measurement of the dif
ential cross section for Bhabha scattering with a collinea
smaller that 10° has been recently performed with a d
sample of approximately 180 pb21 at a center-of-mass en
ergy of 189 GeV@15#. The differential cross section is mea
sured in nine uniform intervals of the polar angle of t
scattered electron, cosue2, in the range~20.9, 0.9!. The pre-
cision of the measurement, which is limited primarily by th
statistical uncertainty, reaches the level of 1% in the inter
of most forward scattering angles.

This measurement, together with the combined results
muon, tau, and hadronic observables, has been compar
the standard model prediction corresponding to the exp
mental signal definition. The deviations of the measurem
with respect to the standard model expectations have
been used to measure and constrain the parametersdZ , ds ,
anddg , with a x2 fit. In the fit procedure the uncertainty o
the reference standard model prediction itself must be ta
into account. The theoretical uncertainties on the stand
model predictions for fermion pair production at LEP2 en
gies are mainly related to the estimate of the large Q
corrections. In the case ofm1m2, t1t2, andqq̄ production,
the differences between predictions of several semiana
or Monte Carlo calculations@16–18# for cross sections and
asymmetries are smaller than 1% and, therefore, they
negligible with respect to the experimental error. In t
Bhabha scattering process the different programs@17,19,20#
providing the standard model predictions compare with e
other at the level of 2% in the experimental acceptan
Therefore, in our study, we have assigned a 2% uncerta
to the reference standard model prediction for the Bha
differential cross section. This uncertainty reflects an er
larger than the experimental one in the region of forwa
scattering, which, as will be discussed in the following, is t
most sensitive to new physics effects indg .

The results of the analysis are shown in Table I. As o
sees, the addition of Bhabha scattering improves, altho
not spectacularly, the bound ondg which is constrained by
3-7
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TABLE II. LEP2. 95% C.L. bounds onds,Z,g , resulting from a global fit of the simulated forthcomin
combined LEP2 data. The observables included in the fit aresm,t , AFB,m,t , ands5 at 183, 189, and 200
GeV, and, in the second column, the nine angular measurements of the Bhabha unpolarized cross s
189 and 200 GeV. For all the observables we assume that the measurements are coincident with the
model predictions. The errors are the experimental ones at 183 and 189 GeV. At 200 GeV, the errors
statistical ones associated with a 400-pb21 integrated luminosity per experiment with or without~second and
third columns! a 2% theoretical error on Bhabha scattering.

Without Bhabha With all Bhabha and 2% th. err With all Bhabha

dZ 0.014 0.012 0.012
ds 0.015 0.013 0.013
dg 0.0038 0.0034 0.0028
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the data in the forward-scattering angle region, where
Bhabha cross section is dominated by thet-channel photon
exchange contribution. It is interesting to take in mind th
at present, the sensitivity to NP effects in the forwa
Bhabha cross section is spoiled by the theoretical uncerta
on the standard model theoretical prediction, which do
nates over the experimental error. Should this error be
duced, the role of this measurement would certainly be m
relevant.

To give a more quantitative meaning to the latter clai
we have simulated a forthcoming measurement at 200 G
with an overall 400-pb21 luminosity for each experiment
and repeated the previous analysis adding these future da
those available at 183 and 189 GeV. For consistency,
have assumed in all three sets of data a central value co
dent with the SM prediction. The errors are those availabl
183 and 189 GeV. At 200 GeV we considered two scenar
one with purely statistical errors and one with their com
nation with a 2% theoretical error on Bhabha scattering. T
difference between the two cases mainly affects the forwa
scattering cone and thereforedg . The results of this secon
analysis are shown in Table II. As one sees, in agreem

TABLE III. LEP2. Bounds on a nonuniversal new physics sc
at 95% C.L. resulting from a global fit of the present combin
LEP2 data. We consider the models of contact interactions~in the
eight casesLL, RR, LR, RL, VV, AA, AV, and VA) and extra
dimensions discussed in the paper. The data sets used for the
the same as in Table I. Since the central value for 1/L is not zero,
we show the two different bounds foruLu that are obtained in the
two casesL,0 andL.0, respectively.

Without Bhabha With all Bhabha Forward Backwar

LLL 10–9.9 11–9.2 11–9.2 10–9.8
LRR 7.7–12 8.7–10 8.7–10 7.8–12
LLR 6.5–9.2 16–7.8 14–7.3 8.2–9.2
LRL 7.2–15 12–9.7 11–9.5 8.3–13
LVV 13–20 17–16 16–16 13–20
LAA 16–13 14–14 14–14 15–13
LAV 17–8.7 17–8.7 17–8.7 17–8.7
LVA 4–3.3 4.2–3.2 4.2–3.2 4–3.3

LED 0.69–0.75 0.82–2.2 0.8–1.9 0.77–0.
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with the qualitative expectations, the role of Bhabha scat
ing is now definitely more relevant in the determination
the bound for the photonic parameterdg .

The same two analyses have been performed for the
models involving contact terms and extra dimensions. T
results are presented in Tables III and IV. For what conce
the contact terms, one should first note that the values of

bounds obtained frome1e2→m1m2,qq̄ ~without Bhabha
scattering! depend strongly on the chirality structure. Th
comes from the interference of the contact amplitude w
the standardg and Z exchange amplitudes, which is large
when the chirality structures of both amplitudes are close
each other. In particular theVA bound is found very low,
because the standardVA amplitude is depressed by the sma
Ze1e2 vector coupling. One then sees that the effect of
Bhabha process on these bounds is generally modest
opposite situation appears for the case of extra dimensi
where the bulk of the effect is provided by the ‘‘forward
data. As already mentioned in Sec. III B@see~4!#, the largest
effect on the differential cross section comes from the int
ference of the standard photon exchange with the extra
mension terms both in thet channel, followed by a term in
mixed s and t channels; the term in twos channels is much
smaller. Once again, this is more clearly visible in the ana
sis that uses the future data at 200 GeV; in this case
assumes no theoretical error in the Bhabha component.

All the numerical results exhibited in Tables I and II ca
be represented graphically. In Figs. 1 and 2 we show
planar ellipses that are obtained by projecting onto the th
planes (ds ,dg), (dZ ,dg), and (dZ ,ds) the 95% C.L. allowed
three-dimensional region resulting from a global fit of a
data in terms of the three parametersdZ,s,g . For complete-
ness, we also show the results for the two representa
AGC and TC models. As a very preliminary comment co
cerning the latter cases, we can note that, although at a ra
qualitative level, LEP2 data apparently do not particula
support the considered TC theoretical proposal that wo
requireds.0.

B. LC analyses

This analysis has been performed in a spirit that is v
similar to that used for the future 200-GeV LEP2 analys

are
3-8
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TABLE IV. LEP2. Bounds on a nonuniversal new physics scale at 95% C.L. resulting from a glob
of the simulated forthcoming combined final LEP2 data. Data sets are chosen as in Table II.

Without Bhabha With all Bhabha and 2% th. err With all Bhabha

LLL 15 15 16
LRR 13 14 15
LLR 11 16 18
LRL 13 17 18
LVV 22 24 27
LAA 21 21 22
LAV 16 16 16
LVA 5.2 5.2 5.3

LED 0.89 1.2 1.4
ts
re
n

a
-

in
.g.,
ed

rent
In other words, we have assumed a set of measuremen
Aq25500 GeV whose central values agree with the SM p
dictions, and postulated a purely statistical error correspo
ing to a high luminosity of 500 fb21. We have added to the
previous LEP2 ‘‘non-Bhabha’’ observables the longitudin
polarization asymmetryALR for lepton production. A discus
05300
at
-
d-

l

sion of the important role of this observable can be found
Ref. @21#. Of course, in principle other measurements, e
for final b or t quarks could be used. We have also assum
nine angular Bhabha measurements for all the three diffe
observables (s, s1, and sP) defined in Sec. II. More pre-
cisely, in each bin@umin ,umax#, we have considered
-

-
n
f

-

e

s
-

FIG. 1. Two-dimensional pro-
jections of the 95% C.L. allowed
region in theds,Z,g space from a
global fit of LEP2 results on two
fermion production. The observ
ables included in the fit aresm,t ,
AFB,m,t , ands5 measured at 183
and 189 GeV, and the Bhabha un
polarized differential cross sectio
~in nine intervals of the cosine o
the scattering angle! at 189 GeV.
The inner ellipses are the projec
tion of the intersection of the
three-dimensional ellipse and th
AGC ~dashed line! or TC ~dotted
line! constraints. The small cros
marks the axes origin, correspond
ing to the standard model case.
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FIG. 2. Two-dimensional pro-
jections of the 95% C.L. allowed
region in theds,Z,g space from a
global fit of LEP2 results on two
fermion production. The observ
ables included in the fit aresm,t ,
AFB,m,t , ands5 measured at 183
189, and 200 GeV, and the nin
angular measurements of th
Bhabha unpolarized cross sectio
at 189 and 200 GeV. We alway
assumed the experimental me
surements to be coincident wit
the standard model predictions
About the errors, we took the
available actual experimental er
rors for measurements at 183 an
189 GeV ~as in Fig. 1! and a
purely statistical error at 200 GeV
under the assumption of an inte
grated luminosity of 400 pb21 for
each of the four LEP2 experi
ments. The inner ellipses are th
projection of the intersection o
the three dimensional ellipse an
the AGC~dashed line! or TC ~dot-
ted line! constraints.
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s [umin ,umax]
5E

cosumax

cosumin ds

d cosu
d cosu, ~4.1!

ALR,[umin ,umax]
5

1

s [umin ,umax]
E

cosumax

cosumin dsP

d cosu
d cosu,

~4.2!

Auu,[umin ,umax]
5

1

s [umin ,umax]
E

cosumax

cosumin ds2

d cosu
d cosu,

~4.3!

Tables V and VI contain numerical results for univers
and nonuniversal models. As a general feature, one no
that in the universal case the limits onall three parameters
dZ,s,g are substantially~a factor of 2! improved by the use o
Bhabha observables. The interesting feature is that, in e
case, different Bhabha observables play the crucial role
fact,dZ is mostly affected byAuu ~in both angular directions!,
ds ~as one expects! is most affected byALR ~ in the forward
cone!, anddg is most affected by the unpolarizeds ~again,
for very small angles!. In the considered nonuniversal case
the effect is, again, not spectacular~although not negligible!
for the contact terms. Quite the contrary, there would b
large ~a factor 2! effect in the case of extra dimension
mostly due to the unpolarized cross section at small ang
For this specific model of new physics, Bhabha scatter
therefore seems to represent a fundamental experime
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measurement. This statement is well in agreement with
results of a recent numerical analysis of LEP2 data@22#.

V. CONCLUSION

In conclusion, we have shown that, for a class of theo
ical models of new physics that is certainly not empty, t
generalization of theZ-peak subtracted approach to the ca
of Bhabha scattering can be simply performed, leading
general to improvements of the information that might
obtained. As a general statement, Bhabha scattering alw
appears to be relevant; for models of universal type, po
ized and unpolarized observables play a crucial role in
determination of the bounds for the different parameters
other nonuniversal interesting cases, such as, in particu
that of extra dimensions, unpolarized Bhabha observa
appear to play a fundamental role.

APPENDIX: GENERAL FORM OF THE POLARIZED
BHABHA SCATTERING CROSS SECTION

ds

d cosu
5~12PP8!

ds1

d cosu
1~11PP8!

ds2

d cosu

1~P82P!
dsP

d cosu
, ~A1!

with
3-10
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dsN1

d cosu
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q4 ~gVe
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2~q22MZ
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q2@~q22MZ
2!21MZ

2GZ
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(g)gAe

(Z)!2#

1
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(Z)!22~gAe
(Z)!2#1
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TABLE V. Linear collider. 95% C.L. bounds onds,Z,g resulting from a global fit of LC data assuming
that data are taken at 500 GeV with an integrated high luminosity 500 fb21. The ‘‘non-Bhabha’’ observables
included in the fit ares l , AFB,l , ALR,l , ands5, wherel stands for a lepton. The ‘‘Bhabha’’ observables are
the unpolarized angular distribution and the two asymmetriesALR andAuu defined in the paper. Each of these
three observables is assumed to be measured in the same nine bins as in the LEP2 analysis. The central values
are assumed to coincide with the standard model predictions, and the errors are purely statistical. The first
column is obtained without including the Bhabha observables in the fit. The second column is with all the
Bhabha observables. The next three columns are obtained including in the fit only one of the threes, ALR ,
andAuu . Finally, the last two columns are obtained by using the three observables, but only in the forward
~backward! cone.

Without Bhabha With all Bhabha s ALR Auu forw. back.

104 dZ 2.4 1.3 1.9 2.1 1.7 1.6 1.7
104 ds 1.4 0.8 1.3 0.85 1.3 0.82 1.3
104 dg 1.1 0.56 0.62 1.1 0.9 0.65 0.82

TABLE VI. Linear collider. 95% C.L. bounds on nonuniversal new physics scales for the considered
contact interactions and extra dimension models. Data sets and column meanings are as in Table V. Units are
in TeV.

Without Bhabha With all Bhabha s ALR Auu forw. back.

LLL 85 94 89 89 87 93 85
LRR 84 92 87 88 85 92 84
LLR 66 120 120 66 87 110 110
LRL 81 130 120 81 94 110 110
LVV 120 150 150 120 120 150 140
LAA 110 140 130 110 120 120 130
LAV 130 130 130 130 130 130 130
LVA 71 90 71 90 71 90 71

LED 3.3 5.7 5.7 3.3 3.6 5.6 4.5
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